We present dual spacecraft observations by MGS MAG/ER and MEX ASPERA-3 ELS of a large-scale magnetic flux rope on the dayside of Mars that occurs in close proximity to the crustal magnetic fields and a dayside current sheet region. A current sheet (including the large-scale flux rope) was observed on repeated MGS orbits when the draped solar wind magnetic field present in the ionosphere had a þB y component (in MSO). Minimum Variance Analysis (MVA) of the large-scale flux rope and two current sheet crossings that occur after show a common peak in magnetic field along the intermediate variance direction, indicating the normal component of a reconnecting current sheet. All repeated orbits demonstrated evidence of a plasma boundary by the decrease in electron differential flux above 100 eV when moving into regions dominated by the crustal magnetic field, and coincided with the measured magnetic field strength being double the undisturbed crustal magnetic field. We argue this forms evidence of magnetic reconnection between crustal magnetic fields and draped solar wind magnetic field (from ionosphere or magnetosheath) at a ''mini-magnetopause'' type boundary on the dayside of Mars. Similar electron pitch angle distributions observed during the large-scale flux rope, current sheet crossings, and regions of radial crustal magnetic field, suggest these regions share a common magnetic field topology for the trapping of magnetosheath particles on open crustal magnetic fields on the dayside of Mars. As such, indicates a trapping quadrupole magnetic field exist either at the magnetic reconnection X-line region or where open crustal magnetic fields meet oppositely directed solar wind magnetic field. At a time when the draped solar wind magnetic field present in the ionosphere was weaker in strength, the current sheet crossing was observed over an extended region of 2000 km. The extended current sheet demonstrated properties of a hot diamagnetic region and features of a mirror mode structure or magnetic hole, the first time such a structure has been found in the ionosphere of Mars. Observations suggests lower energy electrons could be accelerated by a local process of perpendicular heating/pitch angle diffusion and supports similar results at the Earth's polar cusp reported by Nykyri et al. (Nykyri et al. [2012] . J. Atmos. Sol-Terr. Phys. 87, 70). Such large scale and energetic structures are usually associated with regions beyond a planet's ionosphere, and the occurrence within the ionosphere of Mars may have an important impact on escape processes and the evolution of the martian atmosphere.
a b s t r a c t
We present dual spacecraft observations by MGS MAG/ER and MEX ASPERA-3 ELS of a large-scale magnetic flux rope on the dayside of Mars that occurs in close proximity to the crustal magnetic fields and a dayside current sheet region. A current sheet (including the large-scale flux rope) was observed on repeated MGS orbits when the draped solar wind magnetic field present in the ionosphere had a þB y component (in MSO). Minimum Variance Analysis (MVA) of the large-scale flux rope and two current sheet crossings that occur after show a common peak in magnetic field along the intermediate variance direction, indicating the normal component of a reconnecting current sheet. All repeated orbits demonstrated evidence of a plasma boundary by the decrease in electron differential flux above 100 eV when moving into regions dominated by the crustal magnetic field, and coincided with the measured magnetic field strength being double the undisturbed crustal magnetic field. We argue this forms evidence of magnetic reconnection between crustal magnetic fields and draped solar wind magnetic field (from ionosphere or magnetosheath) at a ''mini-magnetopause'' type boundary on the dayside of Mars. Similar electron pitch angle distributions observed during the large-scale flux rope, current sheet crossings, and regions of radial crustal magnetic field, suggest these regions share a common magnetic field topology for the trapping of magnetosheath particles on open crustal magnetic fields on the dayside of Mars. As such, indicates a trapping quadrupole magnetic field exist either at the magnetic reconnection X-line region or where open crustal magnetic fields meet oppositely directed solar wind magnetic field. At a time when the draped solar wind magnetic field present in the ionosphere was weaker in strength, the current sheet crossing was observed over an extended region of 2000 km. The extended current sheet demonstrated properties of a hot diamagnetic region and features of a mirror mode structure or magnetic hole, the first time such a structure has been found in the ionosphere of Mars. Observations suggests lower energy electrons could be accelerated by a local process of perpendicular heating/pitch angle diffusion and supports similar results at the Earth's polar cusp reported by Nykyri et al. (Nykyri et al. [2012] . J. Atmos. 70) . Such large scale and energetic structures are usually associated with regions beyond a planet's ionosphere, and the occurrence within the ionosphere of Mars may have an important impact on escape processes and the evolution of the martian atmosphere. Ó 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Introduction
The dayside ionosphere of Mars in regions away from crustal magnetic fields are characterised by the magnetic field topology of draped solar wind magnetic fields (Brain et al., 2007) . This indicates that these regions of the martian ionosphere are usually penetrated and magnetised by the solar wind magnetic field. However, when the dynamic pressure of the solar wind is low enough it is possible for the thermal pressure of the martian ionosphere to exclude the solar wind more effectively and remain unmagnetised by the solar wind magnetic field. This is more often the case at Venus due to its thicker atmosphere (Russell, 1990) . During such conditions, shear-related instabilities between the shocked solar wind plasma and the ionosphere can lead to solar wind magnetic 
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Icarus 242 (2014) [297] [298] [299] [300] [301] [302] [303] [304] [305] [306] [307] [308] [309] [310] [311] [312] [313] [314] [315] Contents lists available at ScienceDirect Icarus j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / i c a r u s field entering the ionosphere in the form of small filamentary structures of twisted magnetic field, or magnetic flux ropes (Vignes et al., 2004; Elphic and Russell, 1983) . A magnetic flux rope is typically defined as a wrapping of magnetic field lines around a strong core magnetic field along the central axis (Russell and Elphic, 1979) . Filamentary flux ropes observed in the dayside ionosphere of Mars and Venus are characterised by magnetic field similar in strength to that of the draped solar wind (10's nT) and a small radial size (10's km).
When the ionosphere of Mars and Venus is magnetised by draped solar wind magnetic field, flux rope signatures occur with larger magnetic field enhancements (100's nT) and radial size (100's km) Zhang et al., 2012b) . The large-scale flux ropes have primarily been studied at the terminator of Mars Morgan et al., 2011; Beharrell and Wild, 2012) and Venus (Zhang et al., 2012b) , where there is a greater occurrence (Beharrell and Wild, 2012) . Large-scale flux ropes that occur near the terminator of Mars have been identified downstream from the strong martian crustal magnetic fields in the southern hemisphere, suggesting regions of closed crustal magnetic field are stretched downstream by the solar wind flow forming a plasmoid-like structure Morgan et al., 2011; Beharrell and Wild, 2012) . Morgan et al. (2011) presented dual spacecraft observations at the Mars terminator of a large-scale flux rope that was quasisteady between each spacecraft pass of 30 min. Beharrell and Wild (2012) showed these structures are also quasi-stationary over approximately 7 days or more when observed on successive orbits of the Mars Global Surveyor (MGS) spacecraft that repeat the same path in Mars planetocentric (MPC) and Mars Solar Orbital (MSO) reference frames. Brain et al. (2010) proposed that observations of current sheets between the large-scale flux ropes and the upstream crustal magnetic field region, was indicative of magnetic reconnection and the detachment of the plasmoid, causing a bulk removal process of the ionosphere. Zhang et al. (2012b) has shown that large-scale flux ropes of a similar magnetic field strength and radial size to those observed at the Mars terminator also occur near the terminator of Venus. The observations of large-scale flux ropes at Venus raises a number of questions (Zhang et al., 2012b) , for example if a process common to both Mars and Venus is responsible for the signatures of largescale flux ropes without the involvement of the crustal magnetic fields, or if perhaps the venusian crust is capable of supporting remanent magnetic fields despite the high surface temperature being comparable to the Curie temperature?
Flux ropes signatures have also been observed beyond the terminator within the induced magnetotail of Mars (Eastwood et al., 2008 (Eastwood et al., , 2012 and Venus (Slavin et al., 2009; Zhang et al., 2012a) . The flux ropes of the magnetotail of Mars and Venus are found to take place in-between crossings of the central current sheet that separate oppositely orientated magnetic field of the magnetotail, and have been related to magnetic reconnection (Eastwood et al., 2008; Zhang et al., 2012a) . Flux ropes of the Mars magnetotail are characterised by similar weak magnetic field strength and radial size as filamentary ionospheric flux ropes (Eastwood et al., 2008 (Eastwood et al., , 2012 , whereas flux ropes from the Venus magnetotail have been observed with larger sizes (1000's km) (Slavin et al., 2009; Zhang et al., 2012a) .
There is also evidence large-scale flux ropes can occur on the dayside ionosphere of Mars, where in a region of only weak crustal magnetic field at $50°SZA, Morgan et al. (2011) showed measurements by the Mars Express (MEX) MARSIS Radio Sounder instrument of a localised region of strongly enhanced magnetic field. A statistical study by Briggs et al. (2011) reported that several of the strongest flux ropes (exceeding 80 nT) observed on the dayside of Mars as associated with crustal magnetic fields.
Since current sheet crossings observed on the dayside of Mars are found to cluster around the perimeters of strongly magnetised crustal magnetic field and with smaller than expected rotations in the IMF draping, suggest regions of strongly magnetised crust on Mars also have an indirect role in the formation of current sheets in the dayside ionosphere (Halekas and Brain, 2010 ). This could indicate a possible association between the formation of largescale flux ropes on the dayside of Mars with current sheet crossings, as observed with flux ropes of the magnetotail of Mars and Venus. Indeed, magnetic reconnection on the dayside of Mars between crustal and solar wind sources is likely to drive changes in magnetic topology (Brain, 2006b ) and therefore, may also relate to the properties of current sheets and flux ropes observed on the dayside of Mars.
A possible cause for such a process to occur at the perimeter of strong crustal magnetic field regions, could be the presence of a ''mini-magnetopause'' type boundary separating regions dominated by crustal magnetic field from surrounding regions of plasma. A magnetopause will support the formation of a current sheet due to the magnetic field gradient that occurs between the different regions of plasma separated by the magnetopause. Magnetic flux ropes will also be able to form at a magnetopause when conditions allow for magnetic reconnection and a connection is created between the different regions of plasma separated by the magnetopause.
Until now, observations have been lacking confirming the presence of a mini-magnetopause boundary around the crustal magnetic fields of Mars. It is unknown if the crustal magnetic fields have sufficient magnetic field pressure for the formation of a mini-magnetopause. Also, the large ion gyroradius size present in the martian ionosphere in relation to the scale-size of the crustal magnetic fields, would suggest conditions for the formation of a magnetopause under the ideal magnetohydrodynamics (MHD) regime may not be satisfied. However, non-ideal MHD simulations of the solar wind interaction with Mars and its strong crustal magnetic fields by Harnett and Winglee (2003) demonstrated that the strong crustal magnetic fields could form a magnetopause-like structure (i.e., a mini-magnetopause) in place of an MPB when located on the dayside and facing the solar wind.
In this paper we present dual spacecraft observations by MGS Magnetometer/Electron Reflectometer (MAG/ER) and MEX Analyzer of Space Plasmas and Energetic Atoms-3 (ASPERA-3) Electron Spectrometer (ELS) of a large-scale flux rope observed on the dayside of Mars in-between a reversal of magnetic field directions and in close proximity to the crustal magnetic fields. We also present MAG/ER observations from consecutive MGS orbits repeating the same path through the location of the large-scale flux rope. The repeated MGS orbits reveals a plasma boundary from the measurement of electrons as MGS exits regions dominated by crustal magnetic fields and on occasions a þB y component is measured in the draped solar wind magnetic field that has advected into the ionosphere, a dayside current sheet is detected near the location where the large-scale flux rope was observed.
Instrumentation
This analysis includes a comparison of the work initiated by Beharrell and Wild (2012) for MGS data with observations made by MEX. Beharrell and Wild (2012) searched for the magnetic signatures of flux ropes in MGS Magnetometer (MAG) data during the mapping phase of MGS from March, 1999 to November, 2006 . During mapping phase, MGS has a Sun-synchronous orbit near 2:00 am/2:00 pm, with an altitude ranging from 368 km to 438 km. The orbit of MGS also retraces its path in the Mars planetocentric frame (MPC) after 88 orbits (7 martian solar days), with a small offset to the east of 58.6 km when measured at the equator.
The MGS MAG instrument (Acuña et al., 1999) provided threedimensional magnetic field measurements and we present measurements at 0.75 s resolution (dropping to 1.5 s or 3 s, depending on telemetry allocation). The MGS Electron Reflectometer (ER) instrument ) was a symmetric hemispherical top-hat electrostatic analyser and measured electrons in the energy range of 10 eV to 20 keV with an energy resolution of DE=E ¼ 0:25. We present ER data at a time resolution of 2 s, 4 s, or 8 s resolution, containing a sweep of 19 energy channels. Since MGS is a three-axis stabilized spacecraft, electron pitch angle data is limited by the ER field of view of 14 Â 360 , which is divided into 16 sectors of 22.5°wide.
We also present data from MEX ASPERA-3 instrument (Barabash et al., 2004) , which includes an Electron Spectrometer (ELS) and Ion Mass Spectrometer (IMA). ELS is a compact spherical top-hat electrostatic analyser and collimator system, and measures electrons in the energy range of 1 eV to 20 keV with an energy resolution of DE=E ¼ 0:08. The time resolution for ELS is 4 s to make a sweep of 128 energy levels. MEX has a highly inclined orbit with an apoapsis of nearly 10,000 km and periapsis of nearly 300 km with an orbital period of 6.7 h. The orbit of MEX also retraces its path in MPC after 11 orbits (3 martian solar days).
Observations
To arrive at a list of possible flux rope signatures, Beharrell and Wild (2012) used a sliding median function on a timescale of around 1-2 min to search MAG data for deviations in the magnetic field from the crustal magnetic field with a similar window size (see Beharrell and Wild (2012) for further details). Using this method, 21,885 enhancements in the magnetic field measurements were identified during the mapping phase of MGS between March, 1999 and November, 2006 . From these signatures, 85 were found to occur near a conjunction of the MEX spacecraft to within 500 km and 40 min of MGS MAG measuring the enhancement. Data was available from ASPERA-3 ELS for 53 of the 85 MGS-MEX conjunctions. A minimum variance analysis (Sonnerup and Scheible, 1998) of these 53 events showed that 29 involved rotations of the magnetic field vector as would occur during an encounter of a magnetic flux rope. Fig. 1d shows the orbit paths in latitude and east longitude of MGS (square symbols) and MEX (cross symbols) over a map of the radial component of crustal magnetic field as measured by MGS. Fig. 1e shows the range in km of the MEX spacecraft from the location MGS observed the large-scale flux rope signature. Fig. 2a and b shows 16 min of magnetic field measurements by MAG as the orbit of MGS progressed northwards. Fig. 2a compares the magnetic field strength measured by MAG (black) to the Cain model of the crustal magnetic field (red) (Cain et al., 2003) and shows that as MGS exits a region of strong crustal magnetic field to the south, the MAG instrument observes a large amplitude enhancement in the magnetic field at the edge of this region from 23:36:55 UT to 23:41:41 UT. The magnetic field strength reaches a peak of around 130 nT at 23:37:46 UT. Note, that the magnetic field enhancement takes place near 0°latitude where the Cain model shows a weak region of crustal magnetic field (around 30 nT) with a negative radial component. Morgan et al. (2011) , reported a similar observation by MARSIS of a strong localised enhancement in magnetic field strength over a weak region of crustal magnetic field that occurred at the northward edge of stronger magnetised crust further south.
Alongside observing a large amplitude enhancement in the magnetic field strength, MAG also measures rotations in the magnetic field vectors highlighted by a well-defined bi-polar variation in the B x component, as would suggest the presence of a flux rope (Russell and Elphic, 1979) . A rotation in B y is also observed from ÀB y before the flux rope to +B y afterwards and indicates the flux rope is observed during a current sheet crossing.
The result of a minimum variance analysis between 23:39:35 UT and 23:41:41 UT is presented in Fig. 4 , which shows the magnetic field hodograms of the large-scale flux rope signature. We have used the same convention for defining the coordinate system of the flux rope as Beharrell and Wild (2012) , where the minimum variance direction, n, is aligned with the flux rope axis, the corresponding maximum variance direction is l, and m completes the orthogonal set. Fig. 4 shows an approximately circular polarization in the plane containing the maximum and intermediate variance (l À m plane), while in the planes containing l À n and m À n there is a small out of plane bend indicated by a negative axial field, also marking the interior of the flux rope (coloured in blue). Note, the magnetic field in the minimum variance direction, n, is mostly negative and of the same sign, compared to the other directions that show both positive and negative magnetic field. This supports the flux rope axis as most likely along the minimum variance direction.
The MVA analysis of Fig. 4 (Brain et al., 2006a) .
ER data of electrons for the same period is presented in Fig. 2d and e showing the energy-time spectrogram (in units of differential flux (cm 2 sr s eV)
À1
) and pitch angle distribution (binned between 10-50 eV, 50-100 eV, 100-500 eV and 500-1000 eV respectively). The pitch angle distribution is normalised to the average flux over all pitch angles for each energy and time bin. The cyan bar on the top of Fig. 2d highlights the regions of ionospheric electrons that ER observed before and after large-scale flux rope. The region of ionosphere measured from 23:43:50 UT to 23:45:45 UT is characterised by magnetic field of nearly constant orientation and magnetic field strength of $40 nT. This demonstrates the magnetic field of the ionosphere surrounding the southern crustal magnetic fields is ordered and of enhanced magnetic field strength, as is usually the case when the piled-up magnetic field from the draped solar wind magnetic field has entered the ionosphere. At times of low dynamic pressure of the solar wind, the thermal pressure of the martian ionosphere will be able to exclude the solar wind magnetic field more effectively. Ionosphere that is not magnetised by the solar wind is characterised by magnetic field that is typically weaker (<10 nT), more variable and involves sudden changes in magnetic field strengths and rotation from the presence of small filamentary flux ropes (Russell, 1990) .
ER begins to measure a greater differential flux of electrons (red bar at the top of the panel) as MGS encounters the flux rope at around 23:36:35 UT, in particular between energies of 20 eV and 100 eV. The electron differential flux continues to increase until a peak is reached at the time the peak magnetic field strength of the flux rope is measured. Fig. 2e shows that there is unfortunately no pitch angle data available at this time. However, for the remainder of the flux rope encounter, MGS observes electrons that have a different pitch angle distribution depending on the energy measured. For energies less than 100 eV and closest to the flux rope peak magnetic field strength, the electrons are more field aligned. As MGS progress through the flux rope there is a change towards to a more trapped distribution near 90°pitch angles. For energies greater than 100 eV, electrons demonstrate a trapped pitch angle distribution throughout the flux rope, since the normalised flux is at a maximum near 90°pitch angles. Fig. 3 shows the pitch angle distribution function averaged between 23:38:30 UT and 23:39:25 UT, progresses from field aligned electrons at lower energies to trapped electrons at higher energies, with a slightly enhanced flux of electrons at intermediate pitch angles between 20 eV and 100 eV. This indicates a pitch angle diffusion process is taking place as MGS moves through the flux rope structure.
As MGS passes the flux rope from 23:42:10 UT to 23:43:50 UT (purple bar at the top of the panel), ER then measures a decrease in the differential flux of electrons below 30 eV similar to that observed in a plasma depletion region (Øieroset et al., 2004) . Unfortunately, there is limited pitch angle coverage in this region and we are unable discuss this further.
3.2. Large-scale flux rope on the dayside of Mars: MEX ASPERA-3 ELS observations
The location of MGS at the time of the large-scale flux rope observation on 21st July, 2006, was subject to a conjunction with the MEX spacecraft, which Fig. 1e shows passed within 163 km 7 min later. Fig. 1a-d shows the MEX orbit path was co-aligned with that of MGS, however moving southwards instead of northwards. Fig. 5a and b presents electron energy-time spectrograms measured by the MEX ASPERA-3 ELS instrument.
The solid black line in Fig. 1a -c indicates the part of the MEX orbit that was within 30 min of closest approach to the location MGS measured the peak magnetic field strength of the flux rope at 23:45:25 UT and also near pericentre at 23:37:26 UT. The electron data from the ASPERA-3 ELS instrument centred on closest approach to the flux rope location measured by MGS MAG is shown in Fig. 5a after averaging over those ELS sectors that do not have the spacecraft it the field of view. We have also corrected the data for spacecraft potential using the method from Fränz et al. (2006) . Note, MEX has a spacecraft charge of approximately +8 V in the magnetosheath and approximately À5 V in the ionosphere, which can prevent ELS measuring the cold component of electrons in the ionosphere. The integrated density, n e (cm À3 ), from ELS is also presented in Fig. 5a and has been determined using the method from Fränz et al. (2006) .
At closest approach to the flux rope location measured by MGS MAG and at the centre of . By the time MEX is at the nearest distance to the flux rope between Fig . 6 compares the electron energy spectra measured by ER and ELS from the different regions when passing the location of the flux rope with energy spectra of the magnetosheath, also measured by ER (typical spectra as shown in other studies) and ELS (ELS data inbound of Fig. 5a , at 23:20:00 UT). Fig. 6 demonstrates that below 100 eV and for the main part of the distribution, ELS observes the same regions of plasma as ER when passing the flux rope but in reverse order since MEX was travelling southwards and in the opposite sense to MGS. Therefore, the plasma regions present at and around the location of the flux rope remained stationary for the 7 min between each spacecraft pass. Note, the comparison is affected above energies of 100 eV due to different instrument sensitivities of ER and ELS. Brain et al. (2006c) , reported similar ''cross-calibration'' of ER and ELS data during a conjunction of the MGS and MEX spacecraft.
The electron energy spectra measured by both ER and ELS at the location of the flux rope is similar to that found in the magnetosheath, although with reduced differential flux. However, the integrated electron density from ELS at this location is closer to the electron density from the magnetosheath just prior to the MPB (inferred from the ELS data inbound of Fig. 5a at 23:31:00 UT and not shown). Further likeness to the magnetosheath is found by the fluctuations in the density and differential flux of electrons found when crossing the flux rope location. A wavelet analysis of the electron differential flux integrated between energies of 0 eV and 50 eV is shown in Fig. 5c (wavelets calculated using a Morlet transform with wave number 6, as suggested by Espley et al. (2004) ). The wavelet analysis demonstrate there is appreciable amplitudes at periodicities from $20 mHz ($50 s) to $100 mHz ($10 s), ultra-low frequencies (ULF) similar to that observed in the magnetosheath prior to and after passing the location of the flux rope (at earlier and later UT than shown between 23:15:00 UT and 23:31:45 UT and between 23:53:00 UT and 00:15:00 UT and not shown). The electron oscillations maybe be driven by the similar gyrofrequency of O + ions, as is also predicted to be the case for oscillations in the differential energy flux of electrons and magnetic field fluctuations in the magnetosheath (Espley et al., 2005) . Fig. 5a shows ELS also measures photoelectrons in the region of the large-scale flux rope (region 2) at the same energy as photoelectrons measured in the region of the crustal magnetic fields (region 1) at later UT (23:46:20 UT-23:49:40 UT). This could suggest a direct connection has been established between the shocked solar wind and crustal magnetic field regions and has allowed the two plasma populations to mix. Fig. 6c and d shows that the region corresponding to the trailing edge of the large-scale flux rope (region 3) and the region when exiting the large-scale flux rope (region 4) have similarities to the MPB and MPR inferred from the ELS data inbound of the large-scale flux rope (at earlier UT than shown at 23:31:00 UT and 23:32:00 UT respectively). This suggests that perhaps ER and ELS have observed a spatial distortion of the plasma boundaries that has remained quasi-steady over the 7 min between the MGS and MEX pass. A re-entry into the magnetosheath would be the simplest explanation for observing magnetosheath-like electrons during the flux rope followed by an MPR-like depletion when exiting the flux rope.
If not the result of a re-entry into the magnetosheath proper, the depletion region in electron measurements found when exiting the large-scale flux rope on the dayside of Mars, may represent similar properties to the large-scale flux ropes observed at the terminator of Mars. Morgan et al. (2011) interpreted similar regions observed by MEX ELS surrounding a flux rope at the terminator of Mars, as resulting from the torsional structure of the magnetic field. The rotating magnetic field elongates the distribution of electrons from the ionosphere and is further reduced if the electron beam moves out of the instrument plane. It is possible this could be the case for the observations presented here since the MGS pitch angle data does become limited to a narrow range of pitch angles in the depletion region, indicating the magnetic field and any field aligned electrons move out of the ER instrument plane.
As MEX passes the flux rope location, ELS observed changes to the electron energy distribution function as shown in Fig. 5b . Here we have used a method from Soobiah et al. (2013) to construct the energy distribution function of electrons with respect to the angle from the Mars nadir. We present the ELS electron energy distribution function with respect to the Mars nadir as MEX is without a magnetometer instrument capable of making vector measurements of the magnetic field to calculate pitch angle distributions. In this case 0°represents electrons travelling towards Mars and 180°represents electrons travelling away from Mars. The resulting energy distribution is presented against time and has been separated into the same four energy bins used to present the MGS MAG/ER pitch angle data in Fig. 2e . Areas shaded by white diagonal lines indicate parts of the distribution function that have the spacecraft in the field of view and where we have interpolated the data. Fig. 5b shows that the energy distribution of electrons from the ionosphere (23:40:24 UT-23:41:04 UT) and from the depletion region (23:41:04 UT-23:42:04 UT) are moving away from Mars since the normalised flux of electrons is found mainly around 180°from the Mars nadir. However, as MEX is without a magnetometer it is not possible to determine if the electrons are on open or closed field lines. As MEX moves through the trailing edge of the large-scale flux rope (region 3 between 23:42:04 UT and 23:43:45 UT), the part of the electron energy distribution between 10 eV and 50 eV is similar to the ionosphere and has an asymmetry of electrons moving away from Mars. Once MEX has reached the flux rope proper (region 2 between 23:43:45 UT and 23:46:20 UT) the normalised flux increases for angles closer to the Mars nadir and adjacent to angles looking over the spacecraft. As a result the uninterrupted field-of-view has not resolved the presence of a loss cone and the interpolation gives a more isotropic distribution over parts of the field-of-view looking over the spacecraft. The normalised flux close to 180°remains enhanced and by comparing to the pitch angle data from MGS in Fig. 2e , may correspond to a field aligned electron beam at low energies. ELS also observes a significant contribution to the energy distribution from electrons with energies between 50 eV and 100 eV, however seems to be in contrast to the electrons at lower energies. A missing component is present near 180°travelling away from Mars and an increased component of electrons near 90°. Note, both components are resolved by ELS sectors that do not have the spacecraft in the field of view. By comparing to the pitch angle data from MGS in Fig. 2e , the missing component of higher energy electrons measured by ELS around 180°away from Mars, would correspond with the loss cone, and the increased component near 90°would correspond to the trapped electrons measured by MAG/ER at this location. Therefore, the electron energy distributions generated by ELS supports MAG/ER observations for the simultaneous trapping of higher energy electrons and field aligned lower energy electrons at the location of the large-scale flux rope.
The electron energy distribution measured by ELS in the trailing edge of the large-scale flux rope (region 3) shows that between 10 eV and 50 eV, an enhanced flux of electrons is present near the perpendicular/horizontal to Mars. At the same time the electron flux between 50 eV and 100 eV, is contained in a narrow region of angles directed away from Mars and is observed alongside a depletion of flux directed at angles towards Mars. Note, these components are resolved by ELS sectors that do not have the spacecraft in the field of view. This indicates a reversal of the electron energy distribution measured near the centre of the large-scale flux rope (region 2). There is a suggestion of this in the MGS pitch angle data, as the enhanced field aligned electron flux between 10 eV and 50 eV can be observed to evolve towards more perpendicular/trapped pitch angles (after 23:39:02 UT in Fig. 2e ). Whereas the electrons measured by ER at higher energies can be observed to change from a trapped pitch angle distribution to a more isotropic pitch angle distribution (after 23:39:25 UT in Fig. 2e) .
Therefore, the dual spacecraft observations presented here by MGS MAG/ER and MEX ELS in the region of a large-scale flux rope on the dayside of Mars, shows that the dynamics of the plasma within the flux rope is highly localised changing spatially, yet is temporally stable over the duration of 7 min between each spacecraft pass.
By combining measurements from ER and ELS from the flux rope proper and trailing edge regions of the large-scale flux rope, we arrive at a rough estimate for the flux rope radius of 200 km. This estimate and the results of minimum variance analysis in Fig. 4 are used to provide a possible configuration of the large-scale flux rope as shown in Fig. 7 . A radius of 200 km is similar to previous estimates obtained from force free models of large-scale flux ropes observed at the terminator of Mars Beharrell and Wild, 2012) . However, Fig. 7 shows a configuration for a large-scale flux rope not demonstrated by previous studies. Rather than having an axial direction tangential to the Mars horizontal, Fig. 7 shows the axial direction of the large-scale flux rope points towards Mars. Therefore, it might be possible for one end of the large-scale flux rope to interact with ionosphere/atmosphere at low altitudes.
Dayside current sheet region and plasma boundary on repeated MGS orbits
We have also conducted further analysis using MAG/ER observations of six consecutive MGS orbits (three before and three after) that repeated the same path taken by MGS through the location of the large-scale flux rope. Figs. 8 and 9 show the MAG/ER data of the consecutive passes that are separated by 88 orbits ($7 martian days) before and after the pass with the large-scale flux rope, which is presented on the fourth row of panels. It is evident that no other large amplitude enhancements of the magnetic field occur in the MAG data from the repeat passes before and after the event during this time frame. Therefore, the large-scale flux rope signature presented in this paper is a transient event and follows a similar result from Morgan et al. (2011) . However, on each occasion there is a positive B y component in the draped magnetic field measured in the ionosphere at later UT (latitudes north of the strong crustal magnetic fields for the 7th, 14th and 21st July, 2006 and 5th and 13th August, 2006) , there is a reversal in the magnetic field vectors (B x and B y ) closer to the region of crustal magnetic field, showing current sheet reversals similar to that observed during the large-scale flux rope (identified by the dashed vertical lines in Figs. 8 and 9 ).
On all MGS orbits repeating the path taken through the location of the large-scale flux rope, ER observes a change in plasma by an increase in the differential flux of electrons above 100 eV (identified by the solid vertical lines in Figs. 8 and 9) as MGS moves from regions of ionosphere dominated by crustal magnetic fields to regions dominated by draped solar wind magnetic field. The location of this plasma boundary is also coincident with the measured magnetic field tending towards strengths almost twice that of the magnetic field obtained from the Cain model (presented by the right-hand vertical axis and dashed line of the left hand column of Fig. 8) . The large-scale flux rope on the 21st July, 2006, represents the current sheet crossing that occurred closest to this boundary and also associated with the highest magnetic field strength measured in the ionosphere at later UT (latitudes north of the strong crustal magnetic fields).
As well as the magnetic field reversal in the B x and B y components, the current sheet crossings that occur on 5th and 12th August, 2006, have an additional enhancement in the B z component as shown in Fig. 8 . The B z component and the magnetic field strength increases to a maximum as the B x and B y components reverse direction (09:03:34 UT on 5th August, 2006, and 13:44: 58 UT on 12th August, 2006). Fig. 10 plots the magnetic field measurements of the current sheet crossings (middle and right hand column of panels) that occurred on repeated MGS orbits after the large-scale flux rope (left hand column of panels) in minimum variance coordinates. Fig. 10 shows the large-scale flux rope and the current sheet crossings that occurred after the large-scale flux rope, share common features in the MVA coordinate frame: as the magnetic field along the maximum variance direction reverses sign there is an increase in magnetic field along the intermediate variance direction until a peak is reached near the centre of the crossing, while the magnetic field along the minimum variance direction remains small and of the same sign. The hodograms of the middle and bottom row of Fig. 10 shows a rotation of magnetic field greater than >180°a ssociated with the large-scale flux rope, whereas the current sheet crossings show a C-shape hodogram in the l À m plane for a rotation of nearly $180°. The same properties of magnetic field in the minimum variance reference frame appear during tangential current sheet crossings that often occur at the Earth's magnetopause (Berchem and Russell, 1982) . In a tangential current sheet, the magnetic field is everywhere parallel to the current sheet plane and is allowed to rotate tangentially within the current sheet plane rather than in the direction normal to that plane. This would be the case for the current sheet crossing that occurred after the large-scale flux rope and presented in Figs. 8 and 10 , if the intermediate variance direction was along the current sheet plane. However, if comparing to the results of the large-scale flux rope, only magnetic field along the minimum variance direction does not change sign, indicating this as the direction of the flux rope axis and one of the MVA axes present in the current sheet plane. As the axis of the maximum variance represents the reversal of the magnetic field direction over the current sheet, it would suggest that in the case of the large-scale flux rope at least, the intermediate variance direction would be the MVA axis most likely normal to the current sheet plane.
The pitch angle data presented in Fig. 9 supports the current sheet crossings are of a similar structure to the large-scale flux rope signature on the 21st July, 2006. During the current sheet crossing between 09:01:10 UT and 09:04:20 UT on the 5th August, 2006, the electron differential flux is enhanced compared to the ionosphere and is similar to electrons measured during the largescale flux rope signature, but at a slightly lower differential flux. Electrons measured during the current sheet crossings also have pitch angles like that observed during the large-scale flux rope. At lower energies electrons have a strong field aligned distribution and at higher energies electrons have a strong trapped pitch angle distribution. However, unlike the large-scale flux rope signature, a significant population of electrons at higher energies are more field aligned. Electrons are also observed at more intermediate pitch angles between perpendicular and field aligned, that is more conical. Hence, the current sheet crossing of 5th August, 2006, seems to show a different stage of the flux rope development. Furthermore, the energy spectra of electrons during the first part of the current sheet crossing remains ionospheric-like, whereas the remainder of the current sheet crossing shows enhanced differential flux as would indicate a magnetosheath-like population.
The current sheet crossing from 13:42:10 UT to 13:47:05 UT on the 12th August, 2006, seems to represent yet a further stage in the development of the flux rope. During this current sheet crossing, the energy spectrum of the electron differential flux is similar to the ionospheric plasma at later UT (at more northern latitudes). Although there are some fluctuations in the differential flux between 20 eV and 40 eV below and above the average. The pitch angles show the electrons primarily remain field aligned at both lower and higher energies. However, the field aligned electrons at lower energies are constrained to more narrow range of pitch angles and broadens out over a larger range in pitch angles as the energy increases. In addition, as the energy increases there is also the appearance of a lower flux of electrons at pitch angles just greater than perpendicular and loss of electrons at surrounding pitch angles.
Dayside trapping regions on open radial crustal magnetic field
The inbound sections (earlier UT) of Figs. 8 and 9 show regions dominated by a radial crustal magnetic field (Figs. 8a-d and g-j, 9a-d and g-j) also consist of electrons that are simultaneously field aligned at lower energies and perpendicular/trapped at higher energies. Therefore, demonstrating the same behaviour recorded during the large-scale flux rope and those current sheet crossings that occurred after the large-scale flux rope.
Electrons displaying trapped pitch angle distributions at energies greater than 100 eV have been previously observed in regions dominated by a radial crustal magnetic field on the nightside of Mars (Lillis et al., 2011) . However, on that occasion electrons showed Fig. 8 . Comparison of MAG data from consecutive MGS passes that repeat the same path over Mars taken by MGS on 21st July 2006 (shown by panels g and h) when MAG measured a large amplitude enhancement in magnetic field. Panels on the left hand column also display the ratio of the measured magnetic field strength by MAG to that obtained from the Cain model (dashed line and left hand axis) and dotted horizontal lines to highlight ratios between 1 and 2. Panels on the right hand column also display the magnetic field elevation angle (coloured using a grey scale and left hand axis), the angle between the magnetic field direction and the local zenith, À90°directed towards Mars, 0°directed along the Mars horizontal and 90°directed away from Mars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) trapped pitch angle distributions across both higher and lower energies, indicating the magnetic field was closed and not open.
Extended dayside current sheet crossing
The current sheet crossings recorded between 14:21:40 UT and 14:22:40 UT on the 7th July, 2006, and between 19:04:00 UT and 19:17:20 UT on the 14th July, 2006, (on the repeated MGS orbits prior to the large-scale flux rope), showed a depression in the magnetic field strength, until the magnetic field reached a minimum (14:22:19 UT and 19:09:58 UT respectively) and was close in strength to that of the crustal magnetic field obtained from the Cain model. Whereas, enhancements in magnetic field strength were measured during the large-scale flux rope and those current sheet crossings observed after large-scale flux rope. The reduction in the magnetic field strength measured during the current sheet crossings on repeated MGS orbits before the large-scale flux rope, is indicative MGS crossing close to the location of a neutral sheet.
The current sheet crossing on 14th July, 2006, displayed features not typical for a current sheet observed in the Martian ionosphere. On this occasion the magnetic field was observed to reverse direction over a 13 min period, during which strong fluctuations in the strength and direction of the magnetic field were observed. A statistical study by Halekas and Brain (2010) , of low altitude current sheets around Mars, found it takes <100 s to cross most current sheets and around 500 s (8 min 20 s) for the longest crossing. Therefore, in the case presented here MAG has observed a current sheet crossing that is exceptionally longer than has previously been reported for low altitudes at Mars. Given the MGS orbital velocity of 3.37 km/s and considering the current sheet as relatively stationary with respect to MGS, the current sheet presented here will have a thickness of approximately 2000 km (determined after taking into consideration the crossing angle of MGS with the current sheet). The thickness would only be smaller if the current sheet was moving in roughly the same direction as the spacecraft and at speeds equal to or less than the spacecraft. Such current sheet thickness is more characteristic of observations from Phobos 2 at higher altitude in the Mars induced magnetotail (Riedler et al., 1991; Yeroshenko et al., 1990) . It is even more unusual for the dayside of Mars since the study by Halekas and Brain (2010) found that at low altitudes the average crossing time was slightly longer for night side current sheet crossings. Fig. 9e shows that during the current sheet crossing (between 19:04:00 UT and 19:17:20 UT), ER measures electrons with an energy spectrum similar to that measured during the large-scale flux rope encounter; magnetosheath-like but with reduced differential flux. Fig. 9f shows that during the current sheet crossing (between 19:04:00 UT and 19:17:20 UT), electrons are simultaneously nearly field aligned at lower energies and trapped at higher energies, as was the case during the large-scale flux rope, current sheet crossings occurring after the large-scale flux rope and regions of radial crustal magnetic field. Fig. 11 shows the MGS MAG/ER data of the extended current sheet crossing on 14th July, 2006 using an expanded horizontal axis. Fig. 11a and b shows that as well the standout ULF turbulence measured in the magnetic field of approximately 0.04 Hz (25 s), lower frequency fluctuations of approximately 0.003 Hz (330 s), are embedded in the B x and B y components. The lower frequency variation of the B x and B y components also shows the interesting property of being anti-correlated. Fig. 11c then shows that during the extended current sheet crossing, the largest increases in the integrated electron flux between energies of 30 eV-130 eV, and therefore plasma density and pressure, coincides with dips in the magnetic field strength. This indicates that possibly mirror mode waves are present in the plasma of the current sheet crossing. 
Summary and discussion
We present dual spacecraft observations by MGS MAG/ER and MEX ASPERA-3 ELS of a large-scale magnetic flux rope on the dayside of Mars, which also occurs in close proximity to the crustal magnetic fields and a dayside current sheet region at Mars. The MGS MAG instrument observed a strong magnetic field enhancement of $130 nT alongside a rotation and reversal of magnetic field vectors, indicating the presence of a large-scale flux rope within a current sheet crossing. The large-scale flux rope was also associated with an increase in the differential flux of electrons.
The MEX spacecraft passed the same region 7 min later, on an orbit path co-aligned with MGS, but moving southwards into the region of strong crustal magnetic fields. MEX ASPERA-3 ELS observed an almost identical energisation in electrons crossing the location of the large-scale magnetic flux rope and due to a higher-time resolution observed pulsations in the differential flux of electrons and the electron density, similar to the magnetosheath. Pitch angle distributions from MAG/ER near the centre of the large-scale flux rope showed the simultaneous presence of lower energy electrons aligned with the magnetic field and higher energy electrons that were trapped. Corresponding features were also found in the electron energy distribution functions measured by ELS near closest approach to the flux rope location measured by MGS MAG.
The presence of trapped electrons observed during the largescale flux rope on the dayside of Mars might suggest properties similar to the large-scale flux ropes studied at the terminator of Mars by Brain et al. (2010) and Morgan et al. (2011) , where plasma inside the flux rope was isolated from surrounding ionosphere and contained on closed field lines. However, simultaneous observations of lower energy electrons that are field aligned within the largescale flux rope, suggest that the field lines of the flux rope are open.
The progression from field aligned electrons at lower energies to trapped electrons at higher energies, is an indication of a pitch angle diffusion process taking place as MGS moves through the flux rope structure. Ulus ßen et al. (2011) reported a similar process taking place as MGS passed through boundary regions between open and closed crustal magnetic fields on the nightside of Mars. The authors suggested that electrons at lower energies could be accelerated by perpendicular or oblique heating, and as a result the electrons would reflect back at higher energies (see Ulus ßen et al. (2011) and references therein). Perpendicular or oblique heating of electrons can result from the presence of upper hybrid waves that propagate nearly perpendicular to the background magnetic field (Wong et al., 1988) . The upper hybrid waves can be excited by a population of warm electrons with a loss cone type distribution in a two-component (cold and warm) electron plasma (Wong et al., 1988) .
The observation of field aligned electrons is also indicative of field aligned currents that could cause deflections in the magnetic field vectors, as was detected during the flux rope. The formation of a magnetic flux rope is often associated with the process of magnetic reconnection, which can generate field aligned currents (Saunders et al., 1984) . Field aligned currents can also result in flux ropes since a flowing current will form a poloidal magnetic field analogous to that of a current-carrying wire, which will then encircle the original magnetic field creating a flux rope like signature. Furthermore, the minimum energy state of the helical magnetic field of a flux rope is represented by the ''force-free'' condition (Priest, 1990) , which readily supports the existence of field aligned currents. This is because the magnetic force inside the flux rope, J Â B, equals zero when the current vector is everywhere parallel or anti-parallel to the magnetic field vector.
A force-free flux rope can remain stable in the MHD regime if pressure is conserved, as typically related to regions of low plasma beta, b, (ratio of thermal plasma pressure to magnetic pressure) (Burlaga, 1988) . However, flux ropes can deviate from the forcefree state in a continuum of forms (Elphic, 1980) . As with largescale flux ropes that occur at the terminator of Mars (Harnett, 2009; Brain et al., 2010) , the large-scale flux rope observed here on the dayside of Mars is associated with an increase in electron differential flux and density near the flux rope axis. As a result, indicates a non-force-free flux rope that is not in equilibrium with the surrounding regions. We have been unable to confirm this by comparing to a best-fit force-free flux rope model, as it has not been possible to model the large-scale flux rope observed by MGS MAG on 21st July, 2006.
The observation of magnetosheath-like electrons alongside magnetosheath-like fluctuations in electron density during the large-scale flux rope, as well as electron energy spectra similar to the MPB and MPR when exiting the large-scale flux rope, suggested a re-entry into the magnetosheath due to a quasi-steady distortion of the plasma boundaries. However, it is not immediately apparent how some properties of the large-scale flux rope agree with this paradigm:
(1) The magnetic field from a large-scale flux rope is unlike magnetic field from the magnetosheath, which is usually associated with greater turbulence as shown by increased variability in the orientation and strength of the magnetic field (Bertucci et al., 2004) . If considering the draped solar wind magnetic field on the dayside of Mars, the magnetic field is usually orientated close to the horizontal above Mars . Fig. 2c shows the magnetic field elevation angle during the crossing of the large-scale flux rope decreases steadily to become more radial. In this case, the variation of the magnetic field elevation angle is similar to that of the crustal magnetic field from the Cain model, suggesting a closer relationship to the crustal magnetic fields instead of magnetic field from the magnetosheath or draped solar wind. (2) The peak in magnetic field strength of $130 nT during the large-scale flux rope is unlike that found in the magnetosheath, which is of the order of a few tens of nT. Also, the dayside compressed draped solar wind magnetic field can produce differences of 15-60 nT between measurements and a crustal magnetic field model (Cain et al., 2003) .
(3) The depletion region in electron measurements found when exiting the large-scale flux rope, displays none of the enhanced magnetic field strength or change in orientation expected of a pile-up region (Bertucci et al., 2004) . (4) The trapped pitch angle distribution of electrons >100 eV observed during the large-scale flux rope is unlike the isotropic pitch angle distribution typical of magnetosheath electrons.
Given the conflict in evidence that a re-entry into the magnetosheath is responsible for the properties observed during the large-scale flux rope, the remainder of the discussion will consider other possibilities that can better explain for the properties of the magnetic field and electron measurements during the large-scale flux rope.
Repeated orbits of the MGS spacecraft revealed the large-scale flux rope signature was observed in the vicinity of a dayside current sheet associated with similar rotations in MSO coordinates to that of the large-scale flux rope signature, as well as a +B y component in the draped solar wind magnetic field present in the ionosphere at later UT (latitudes north of the strong crustal magnetic fields). Also, all MGS orbits repeating the path taken through the location of the large-scale flux rope, show evidence of a plasma boundary by the decrease in electron differential flux above 100 eV when moving into regions dominated by the crustal magnetic field. The magnetic field strength measured by MAG at this boundary is found to be almost twice that of the magnetic field obtained from the Cain model. The contribution to magnetic field measured on the dayside of Mars from external sources will depend on factors that vary in time when responding to the changing conditions present in the ionosphere. Therefore, it is unlikely magnetic fields from external sources can repeat so precisely to match the crustal magnetic field at the plasma boundary for the seven consecutive repeated orbits, while the draped solar wind magnetic field measured in the ionosphere shows different magnetic field strengths and orientation. Instead, these observations seem to suggest properties expected of a magnetopause that forms to separate two regions of distinct plasma and frozen-in magnetic field, where the boundary surface represents the balance of pressure between the two regions.
At Mars the plasma boundary would represent a type of ''minimagnetopause'', separating regions of the crustal magnetic field from regions dominated by the draped solar wind magnetic field that has advected into the ionosphere. Here the balance of pressure will involve a combination of dynamic plasma pressure, thermal plasma pressure and the magnetic field pressure in both regions. As in the case of magnetospheres like the Earth, we seem to observe a similar pressure balance surface since the measured magnetic field reaches strengths equal to almost double the undisturbed crustal magnetic field found at the location of the plasma boundary. This could be explained if due to the combination of the magnetic field from the mini-magnetopause current sheet and the background field either side of the mini-magnetopause.
Unlike the Earth, the gyroradius of the solar wind ions and the planetary ions from the martian ionosphere is on the same scale or larger than that of the crustal magnetic field structures and therefore would not satisfy the conditions for ideal MHD, required for the formation of a magnetopause. However, non-ideal MHD simulations by Harnett and Winglee (2003) demonstrates that a magnetopause-like structure may form in place of an MPB, when the solar wind interacts with strong crustal magnetic fields from the southern hemisphere of Mars. Unfortunately, the study did not include results at lower altitudes between regions of ionosphere dominated by magnetic field from the crust and regions dominated by the draped solar wind magnetic field that has advected into the ionosphere. Hence, further efforts are required to develop both non-ideal MHD models (Harnett and Winglee, 2003) and ideal MHD models (Ma et al., 2002) of the solar wind interaction with the crustal magnetic fields of Mars, to establish a theoretical basis for the formation of a plasma boundary between regions of ionosphere dominated by magnetic field from the crust and regions dominated by the draped solar wind magnetic field that has advected into the ionosphere.
For examples where the draped solar wind magnetic field in the ionosphere is of a different orientation to the plasma boundary, observations show the presence of a current sheet changes the direction of the draped solar wind magnetic field to one similar to the plasma boundary. However, in all cases apart from the large-scale flux rope, the current sheet is not coincident with the plasma boundary and is instead located at some distance away. It is uncertain why this should be the case, as in the example of the Earth's magnetopause, there is only the current sheet located at the pressure balance boundary, where both solar wind and magnetospheric magnetic fields are reversed. On the occasion of the large-scale flux rope, the start of current sheet was coincident with the plasma boundary. In this example, the magnetic field strength and therefore pressure of the draped magnetic fields in the ionosphere was greater compared to observations of current sheets not coincident with the plasma boundary.
Obvious comparisons can be drawn for large-scale flux ropes that occur at a suspected mini-magnetopause type boundary on the dayside of Mars, with flux transfer events (FTE's) that occur on the dayside of the Earth's magnetopause. However, some differences apply since our observations at Mars are between a minimagnetopause type boundary and the draped solar wind magnetic field in the ionosphere. Flux transfer events at the Earth occur between the magnetopause and the draped solar wind magnetic field in the magnetosheath. It is not known if the large-scale flux rope observed on the dayside of Mars is the result of intermittent reconnection at a martian mini-magnetopause or if other flux ropes would show a bi-polar signature along the boundary normal, as is the case for FTE's at the Earth's magnetopause (Russell and Elphic, 1978) . Also, further investigation is required to determine the outcome of introducing newly open magnetic field flux on the dayside of Mars, for example, if, when and how the additional open magnetic field reconnects back to form closed magnetic field.
The magnetic field and electron pitch angle distributions measured during the current sheet crossings that occurred after the large-scale flux rope demonstrated similar magnetic field topology as the large-scale flux rope. The current sheet reversals also included an additional þB z enhancement similar to that measured during the large-scale flux rope. When represented in the MVA coordinates, the increase in magnetic field along the B z axis in MSO corresponded to an increase in the magnetic field along the intermediate variance direction. The intermediate magnetic field reaches a peak near the centre of the current sheet crossing, while the magnetic field along the minimum variance direction remains small and of the same sign. If in the current sheet plane, the magnetic field along the intermediate variance direction would represent a tangential rotation of magnetic field from a tangential current sheet. The l-m hodograms of the current sheet also reproduced the characteristic C-shape rotation of nearly $180°observed during tangential current sheets at the Earth's magnetopause (Berchem and Russell, 1982) . However, this disagrees with the minimum variance analysis of the large-scale flux rope, which identified the minimum variance direction as the most likely direction of the flux rope axis. Therefore, if the maximum and minimum variance directions represent the two MVA axes of the current sheet plane, would indicate the intermediate variance direction is most likely normal to the current sheet plane of the large-scale flux rope.
In Fig. 7 showing the configuration of the large scale flux rope, the current sheet plane is close to the YZ plane in MSO and at an angle to the Mars horizontal, whereas the normal direction points along the ÀX direction in MSO and towards Mars. The MVA analysis of the current sheets that occurred after the large-scale flux rope provided direction eigenvectors for the maximum variance of l ¼ À0: 46; 0:86; 0:21Þ and (À0.33, 0.91, 0.23 ) (mostly along þY in MSO), the intermediate variance of m ¼ ðÀ0:31; À0:38; 0:87Þ and (À0.25, 0.15, À0.96) (mostly along þ= À Z in MSO) and the minimum variance of n ¼ ð0:83; 0:33; 0:44Þ and (À0.91, À0.37, 0.18) (mostly along þ= À X in MSO). This shows a comparable orientation to the large-scale flux rope, where the current sheet plane, the intermediate (normal) and minimum variance direction have rotated around the maximum variance direction which remains mostly fixed along þY in MSO. This suggests that the peak magnetic field in the intermediate direction is along the current sheet normal rather than being tangential. Further information is required to determine the formation of the current sheet plane with respect to Mars and a possible mini-magnetopause type boundary at the crustal magnetic field more accurately. In the case of the Earth magnetopause it is possible to determine which MVA direction is most likely to be normal to the magnetopause current sheet, as the corresponding axis would be the nearest to line from the Earth to the satellite (pointing away from or towards the Earth).
If not from a tangential rotation of the current sheet magnetic field, we must consider other possible contributions that could produce a peak in magnetic field along the intermediate direction. First, we consider the possible contribution from the crustal magnetic fields.
As well as being observed during the large-scale flux rope and the current sheet crossings that occurred after the large-scale flux rope, pitch angle distributions of simultaneous field aligned low energy electrons and trapped higher energy electrons were also common to regions of strong crustal magnetic fields that were mostly radial. This suggests the large-scale flux rope and the current sheet crossings share a common magnetic field topology to the radial magnetic field cusps from regions of strong crustal magnetic field. Indeed, the variation measured in the magnetic field vectors and magnetic field elevation angle during the largescale flux rope (shown in Figs. 2b and 2c respectively), closely follows that from the Cain model of the crustal magnetic field. The magnetic field elevation angle during the large-scale flux rope becomes increasingly radial as the peak in the B z field component is reached. This suggests that part of the large-scale flux rope presented here on the dayside of Mars, involves radial crustal magnetic field lines from the edge of the strong crustal magnetic field region.
Similarly, the magnetic field measured during the two current sheet crossings that occurred after the large-scale flux rope showed elevation angles that become increasingly negative and less horizontal (more radial) as the peak in magnetic field along the B z direction is reached. As demonstrated by the pitch angle data, this suggest a similar configuration of magnetic field found during the large-scale flux rope is involved during the current sheet crossings. However, it is not immediately apparent why this should be the case, as the crustal magnetic fields from the Cain model nearest the centre of the two current sheet crossings have positive elevation angles compared to the measured negative elevation angle. Perhaps open crustal magnetic fields from stronger regions further south have stretched to more northern latitudes. However, if involving crustal magnetic fields from regions of negative radial field near 0°latitude, would result in a ÀB z magnetic field compared to the þB z field observed during the current sheet crossings that occurred after the large-scale flux rope. Crustal magnetic fields from more southern regions of positive radial field (between latitudes of À6 and À37 ) would result in a þB z when stretched to more northern latitudes. However, between 23:26: 30 UT and 23:29:25 UT in Fig. 9h , electrons from the southern region of positive radial crustal magnetic field are observed moving in the opposite direction along the magnetic field compared to electrons measured during the large-scale flux rope between 23:36:58 UT and 23:37:43 UT. Therefore, it does not seem likely open crustal magnetic field from more southern regions (positive or negative radial magnetic field) would account for the þB z enhancement and magnetic field peak along the intermediate variance direction during the current sheet crossings.
We now consider what possible contribution magnetic reconnection would make to the observation of the peak in magnetic field along the intermediate direction during the current sheet crossings. Eastwood et al. (2008) and Halekas et al. (2009) identified from magnetic field observations at Mars, the signatures of the Hall magnetic field from the diffusion region of magnetic reconnection. This usually occurs as a bi-polar variation in magnetic field along the current sheet plane and perpendicular to the maximum variance direction, which has not been observed here. It is possible the presence of a guide field during magnetic reconnection could distort the Hall magnetic field to become less bi-polar (Huang et al., 2014) and form a peak in magnetic field similar to that observed during the current sheet crossings that occurred after the large-scale flux rope. Also, the disruption of the neutral sheet by magnetic reconnection can lead to the presence of axial magnetic fields (Altyntsev et al., 1977) and helical magnetic field structures within a current sheet (Gekelman et al., 1987) . However, these magnetic fields signatures would typically be observed along the current sheet plane and apply to the minimum variance direction of the current sheet crossings.
It is possible for magnetic fields to occur in the direction normal to the current sheet plane, through the highly kinked magnetic fields present in the geometry of a reconnecting current sheet. Also, a normal component of magnetic field is also associated with magnetic reconnection under the presence of a guide field during a non-symmetric inflow (Eastwood et al., 2013) . Therefore, the observation of a normal component of magnetic field during the current sheet crossings, as well as the large-scale flux rope, forms evidence of magnetic reconnection between crustal magnetic field and draped solar wind magnetic fields on the dayside at Mars. This is supported by large shear in magnetic field between the crustal magnetic field and the draped solar wind magnetic field, being more widespread when the draped magnetic field has a +B y component (not shown here). As the MGS orbits repeating the path taken through the location of the large-scale flux rope show an additional ÀB y magnetic field within the crustal magnetic field regions, the shear in magnetic field would be enhanced further. However, as neither the Hall magnetic field signature nor a null point in magnetic field are observed on any of the MGS orbits repeating the path taken through the location of the large-scale flux rope, indicates the location where magnetic reconnection takes place is away from the MGS orbit paths and most likely from adjacent regions of crustal magnetic field. By observing current sheets with a normal component of magnetic field on a number of orbits that repeat the same path indicates that magnetic reconnection in nearby regions occurs readily when the draped solar wind magnetic field has a þB y component and is also possibly quasi-steady/continuous. Or this could indicate the normal component of magnetic field introduced by reconnection into the current sheet is quasi-steady over long periods.
Magnetic reconnection could also be implicated in the observations of trapped magnetosheath-like electrons during the largescale flux rope and the current sheet crossings that occurred after the large-scale flux rope. This is because the quadrupole arrangement of magnetic fields that make up the reconnection X-line region consists of a magnetic minimum that would allow the trapping of electrons (Egedal et al., 2008) . However, a commonality of electron pitch angle distributions measured during the large-scale flux rope, current sheet crossings and regions of radial crustal magnetic field, indicated a common magnetic field topology of open magnetic field from the crust. It is possible a quadrupole magnetic field arrangement may also form when the cusps of the crustal magnetic fields meet opposing magnetic field from the solar wind. Similar conditions are known to exist at the cusps of the Earth's polar magnetic field, where the minimum of the quadrupolar magnetic field results in the trapping of energetic particles with near 90°pitch angles (Sheldon et al., 1998) .
The current sheet reversal observed on the repeated MGS orbit prior to the large-scale flux rope, occurred over a 13 min period or thickness of approximately 2000 km if stationary. This extended current sheet crossing is exceptionally longer than has previously been reported for low altitudes at Mars. The current sheet crossing was observed with a depression in the magnetic field strength, until the magnetic field reached a minimum (close in strength to that of the crustal magnetic field obtained from the Cain model). At same time a large increase in the differential flux of electrons is observed. Therefore, the extended current sheet crossing contains plasma of higher density and temperature compared to the local ionosphere, while the magnetic field strength is gradually decreasing. This indicates that the region within the current sheet crossing experiences an increase in the local plasma pressure, whilst simultaneously experiencing decreasing pressure from the magnetic field. If the plasma pressure dominates over the magnetic field pressure, the region will become diamagnetic and a ''bubble'' in the magnetic field will begin to form and continue to expand until it is constrained by compressed and/or strained magnetic field lines.
Indeed, the turbulence of the magnetic field strength and orientation during the extended current sheet crossing is a feature shared with MAG observations of hot diamagnetic cavities upstream of the martian bow shock (Øieroset et al., 2001) . These events at Mars are believed to result from the interaction of solar wind discontinuities with the bow shock and as such analogous to hot flow anomalies at Earth (Øieroset et al., 2001 ). However, we do not suggest this is the case here since the MAG observation presented in Fig. 8e and f is within the martian ionosphere, whereas hot flow anomalies are associated with the complex dynamics that arise in the foreshock region in front of the bow shock. Also, the extended current sheet crossing only involves a depression in magnetic field strength during the interval of turbulent field and is not flanked by large magnetic field enhancements observed at times of associated hot flow anomalies events at Mars (Øieroset et al., 2001 ). As such, our observation demonstrates properties of another form of current sheet referred to as a magnetic hole or magnetic bubble and would be the first time such a structure has been found in the ionosphere of Mars. Such structures have been identified in the solar wind (Turner et al., 1977; Fitzenreiter and Burlaga, 1978; Stevens and Kasper, 2007; Zhang et al., 2008a,b; Amariutei et al., 2011) , in the Earth's magnetosheath (Kaufmann et al., 1970; Tsurutani et al., 1982; Hubert et al., 1989; Fazakerley and Southwood, 1994; Schwartz et al., 1996; Lucek et al., 1999) in the magnetosheath of Jupiter (Tsurutani et al., 1993; Balogh et al., 1992; Erd} os and Balogh, 1996) in cometary plasma (Russell et al., 1987) and at the borders of the heliosphere (Tsurutani et al., 1992) .
Magnetic holes are also known for being mirror mode structures. There is evidence this is also the case for the extended current sheet crossing observed prior to the large-scale flux rope. The highly anisotropic pitch angle distribution of the trapped electrons measured during the extended current sheet, is indicative of similar anisotropies in the plasma temperature of T ? > T k . If coinciding with increased plasma density and therefore higher plasma beta, b, it may be possible for the plasma to satisfy the mirror mode instability and therefore support mirror mode waves. This is supported by the observation for the largest increases in the integrated differential flux of electrons between 30 eV and 130 eV, and therefore plasma density and pressure, coinciding with dips in the magnetic field strength as would occur in the presence of mirror mode waves. As the mirror mode instability is a collective mode that transfers magnetic energy to thermal energy perpendicular to the field, it could be an important factor for both the trapping of higher energy magnetosheath particles and the pitch angle diffusion of lower energy electrons in the region of the extended current sheet. It might be possible that similar conditions exist during the largescale flux ropes and the current sheet crossings that occurred after the large-scale flux rope. However, the identification of mirror mode instability is far from confirmed as this would require more complete plasma measurements, such as moments of density and temperature from both electrons and ions. If this is found to be the case, the mirror mode waves present during the extended current sheet may set off compressions of the magnetic field that could evolve into sawtooth structures previously observed at Mars .
Similar structures of depressed magnetic field are also observed in the high-altitude cusps regions of the Earth, as associated with the observations of cusp energetic particles and ULF wave activity (Nykyri et al., 2011) . Therefore, if involving open crustal magnetic field, the observation of an extended current sheet and hot diamagnetic region at Mars could represent an analogy to the cusp diamagnetic cavities of the Earth. Recent developments by Nykyri et al. (2012) , have demonstrated how high-energy particles in cusp diamagnetic cavities of the Earth may be created locally as a result of magnetic reconnection and perpendicular heating alone, rather than the trapping of magnetosheath particles. There is reason to believe properties found during the current sheet crossings that occurred on repeated MGS orbits after the large-scale flux rope and the extended current sheet crossing that occurred before, provide support of a similar process on the dayside of Mars.
In the example of the first current sheet crossing that occurred after the large-scale flux rope, similar pitch angle distributions were measured throughout the current sheet crossing despite a change in the electron energy spectrum, from electrons that were initially ionospheric-like, to more magnetosheath-like electrons measured in the later part of the current sheet. In the example of the extended current sheet crossing, Fig. 9f shows electrons with perpendicular pitch angles (between 50 eV and 500 eV) persist just after the extended current sheet crossing (between 19:17:20 UT and 19:21:16 UT) and evolve towards more field aligned directions with increasing UT. Also during this period, the differential flux of electrons is in-between differential fluxes measured during the extended current sheet crossing and the ionosphere (between 18:59:00 UT and 19:17:20 UT) . This is unlike the typical energy spectra of the dayside magnetosheath, which would involve a greater differential flux of electrons than measured during the extended current sheet. Instead, the energy spectrum during this time is closer to that of the ionosphere, suggesting an energisation/heating of the local electron population. Note, the magnetic field measurements at this time only showed properties of a current sheet crossing of draped solar wind magnetic field and showed no indication of passing through the MPB or MPR region that would result from a re-entry into the magnetosheath. Therefore, this supports results from Nykyri et al. (2012) , where common pitch angle distributions connect the perpendicular hot component within the diamagnetic cavity to regions of the surrounding ionosphere.
In the case of the extended current sheet crossing, ULF fluctuations observed in the magnetic field may act as a source of energy to accelerate electrons. Lower frequency fluctuations of approximately 0.003 Hz (330 s) were found embedded within the magnetic field vectors showing the current sheet rotation (B x and B y component), indicating either temporal changes from the movement of the current sheet position over the spacecraft, or spatial changes as the spacecraft crossed different sides of the current sheet. Nykyri et al. (2011) proposed that a similar property observed in diamagnetic cavities at the cusp regions of the Earth's magnetosphere as responsible for accelerating particles.
The simultaneous measurement of lower energy field aligned electrons and higher energy trapped electrons in the regions of the large-scale flux rope, current sheet crossings, radial crustal magnetic field and also the extended current sheet, show pitch angle diffusion or perpendicular heating as a route to accelerate electrons locally and reflect back into more perpendicular pitch angles at higher energies. Previous studies have demonstrated that perpendicular heating is an important aspect of particle dynamics of the crustal magnetic field cusps (Nielsen et al., 2007; Zou et al., 2010; Ulus ßen et al., 2011) and auroral regions at Mars (Lundin et al., 2006a,b; Dubinin et al., 2009) , and may be the combination of heating from impacting precipitating electrons/solar wind particles, wave-particle interactions and magnetic mirroring effects. The evidence presented in this paper adds further support to wave-particle interactions as an important feature of open crustal magnetic fields on the dayside of Mars.
However, without the monitoring of upstream conditions and a larger number of simultaneous multi-point observations in regions above and adjacent to the dayside current sheets and large-scale flux rope, it is uncertain how much of a contribution local heating/ acceleration processes would make to the observations of energetic electrons within these structures. Therefore, we must consider that the observations of magnetosheath-like electrons of reduced differential flux in regions of the large-scale flux rope, dayside current sheets and also radial crustal magnetic fields, are the result of some connection to the magnetosheath. Most likely due to magnetic reconnection between crustal magnetic fields and draped solar wind magnetic field, either in the ionosphere or magnetosheath.
Conclusions
We conclude observations by MGS MAG/ER and MEX ASPERA-3 ELS of a large-scale flux rope during a reversal of magnetic field vectors, that occurred in close proximity to MGS MAG/ER observations of a dayside current sheet region and plasma boundary, occurring on repeated MGS orbits, represents evidence of magnetic reconnection at a mini-magnetopause type boundary at Mars. Reconnection takes place between crustal magnetic fields and draped solar wind magnetic field either in the ionosphere or magnetosheath. The mini-magnetopause type boundary is required to separate regions of ionosphere dominated by crustal magnetic field from ionosphere dominated by the draped solar wind magnetic field. Our observations indicate the effects of magnetic reconnection at the mini-magnetopause type boundary or a quadrupole magnetic field trap around open crustal magnetic fields drives large scale dynamics in the martian ionosphere. Similar processes at other planets are usually associated in regions beyond the ionosphere between the shocked solar wind and the planet's magnetosphere. Our observations show the association of different plasma wave processes with the current sheets and large-scale flux rope that occurred at the perimeter of the dayside crustal magnetic field. As a result, could be an important factor to consider in the evolution of the martian atmosphere and provides exciting new areas for study in future MAVEN and MEX investigations at Mars.
